AND CONCLUSIONS
1. Membrane potential responses of dissociated gerbil type I semicircular canal hair cells to current injections in whole cell current-clamp have been measured. The input resistance of type I cells was 21.4 t 14.3 (SD) M,R, (n = 25). Around the zerocurrent potential (Vz = -66.6 t 9.3 mV, y2 = 25), pulsed current injections (from approximately -200 to 750 PA) produced only small-amplitude, pulse-like changes in membrane potential. 2. Injecting constant current to hyperpolarize the membrane to around -100 mV resulted in a -IO-fold increase in membrane resistance. Current pulses superimposed on this constant hyperpolarization produced larger and more complex membrane potential changes. Depolarizing currents>200 pA caused a rapid transient peak voltage before a plateau.
3. Membrane voltage was able to faithfully follow sine-wave current injections around Vz over the range 1 -1,000 Hz with <25% attenuation at 1 kHz. A previously described K conductance, lkI, which is active at Vz, produces the low input resistance and frequency response. This was confirmed by pharmacologically blocking lkr. This conductance, present in type I cells but not type II hair cells, would appear to confer on type I cells a lower gain, but a much broader bandwidth at Vz, than seen in type II cells.
INTRODUCTION
The sensory hair cells of auditory, lateral line and vestibular systems are mechanoelectric transducers, which transform a mechanical deflection of the cell's hair bundle into flow of transducer current across the cell's apical surface, thereby generating a receptor potential. In addition to modulation by the transducer current, the receptor potential is also influenced by other active properties of the hair cell, such as those determined by various ion channels present in the basolateral membrane, and passively by membrane capacitance and resistance. Experiments on isolated hair cells have revealed that different hair cell types have their own specific complements of ion channels that shape membrane potential responses in current-clamp. For example, a highly damped electrical membrane potential resonance has been observed in response to small current injections (typically <200 PA) in the majority of dissociated vestibular type II hair cells (reviewed in Correia 1992) .
t The ionic currents of isolated vestibular type I hair cells, which appear phylogenetically in reptiles and outnumber type II cells in the mammalian cristae (Fernandez et al. 1995; Lindeman 1969) ) have been described in the semicircular canals of pigeon (Correia and Lang 1990; Rennie and Correia 1994) ) gerbil (Rennie and Correia 1994) , guinea pig (Griguer et al. 1993a,b; Lapeyre et al. 1993 ; Rennie and Ashmore 199 1 ), and utricle and semicircular canals of rat (Eatock and Hutzler 1992) and are for the most part different from the ionic currents in type II cells. Isolated type I cells have a high input conductance believed to be the result of a large K conductance active at the zero-current potential, Vz (Correia and Lang 1990; Eatock and Hutzler 1992; Rennie and Ashmore 199 1; Rennie and Correia 1994) . This current (IKI or "M-like" current) is blocked by externally applied 4-aminopyridine (4-AP) or internally applied tetraethylammonium (TEA), (Eatock and Hutzler 1992; Rennie and Correia 1994) . A second, less conspicuous current present in gerbil and pigeon type I cells, is a small apaminsensitive calcium-activated K current (IK(ca)), active at membrane potentials above approximately -40 mV (Rennie and Correia 1994) . So far, an analysis of the type I cells' membrane potential response to current input has not been provided. This information is necessary to establish the role of the two types of hair cells in amniote sensory transduction and transmission.
We describe here the membrane potential changes seen in solitary gerbil type I cells in response to current injections. We show that type I cells do not typically show an electrical resonance, and we demonstrate for the first time the roles of two previously described K currents in shaping the voltage response of type I cells. The dominant current (1& appears to lower the input resistance of type I cells, thus extending the range of frequencies these cells are able to respond to and decreasing the gain compared with type II cells.
A preliminary report of this work has appeared in abstract form (Rennie and Correia 1993) .
METHODS

Cell dissociation and solutions
All experimental procedures were conducted only after approval by the University of Texas Medical Branch Animal Care and Use Committee and followed the guidelines of the American Physiological Society's principles for research involving animals. Mongolian gerbils were anesthetized with pentobarbital sodium (Nembutal, 50 mg/kg ip), which was supplemented with ketamine (10 mg/ kg im). The semicircular canals were removed and animals were subsequently decapitated while still deeply anesthetized. -After enzymatic and mechanical dissociation, hair cells were identified as described previously (Rennie and Correia 1994) . The bath solution contained the following (in mM) : 145 NaCl, 5 KCl, 1 .l CaCl,, 1.8 MgC12, 2 NaH,HPO,, 8 Na,HPO, and 3 u-glucose, or L-15 tissue culture medium (Gibco 114 15 -0 15 ) . Both perforated patch with amphotericin B (Rae et al. 199 1) and ruptured patch whole-cell techniques were used to record from type I cells. Because no obvious differences in cell properties were seen with these two methods, the data were pooled. The electrode solution contained 140 mM K+ in combination with Cl, F-, or methane sulphonate. For ruptured patch recordings, 11 mM ethylene glycol-bis (paminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA), 10 mM N-[2-hydroxyethyllpiperazine-N'-2-ethanesulfonic acid (HEPES ) , 3 mM n-glucose, and 1.8 mM MgCl, were included. The reversal potential for K+ (,?!$) was between -82.5 and -83.9 mV. Five millimolar 4-AP (Sigma) was substituted in equimolar concentrations for Na' in the external solution where noted. 4-AP (0.5 mM) was added to the standard external solution. TEA (Sigma) was substituted in equimolar concentrations for K+ salt in the pipette solution. The osmolarity of solutions was adjusted, when required, to -307 mmol/kg with distilled water or sucrose and confirmed by using a vapor pressure osmometer (Wescor 5500). The pH of all solutions was adjusted to 7.4.
Electrical recordings
Current-clamp experiments were performed at room temperature ( -22°C) by using an Axopatch -1C patch amplifier connected through an AD converter (CED 1401, Cambridge Electronic Design) to a PC. The current-clamp speed boost circuit of the patch amplifier was modified (Axon Instruments, Foster City, CA) for type I hair cell recording. The modification removed an overshoot in the current pulse, which was observed during initial experiments. The frequency response of a model cell, with a 3.3 pF capacitor and 15-MS2 resistor in series with a lo-M0 resistance, equivalent to the capacitance, resting input resistance, and series resistance, respectively, of a typical type I cell, was flat at frequencies tested between 1 Hz and 2 kHz. Electrodes were pulled from 7052 glass (Garner Glass), polished on a Narashige (MF-83) microforge and coated with Sylgard (Dow Corning). Electrode resistance ranged from 1.5 -4.0 ML?. Series resistance and cell capacitance were estimated from the capacitance transients in response to a 20 mV pulse from a holding potential at which currents were not activated, typically -100 mV or more negative, after either membrane rupture or complete membrane perforation, and were not monitored continuously. The mean series resistance was 7.5 t 1.5 MO (n = 12) in ruptured patch recordings and 17.1 t 8.7 MSt (n = 13) in perforated patch recordings. Input resistance values were estimated from the slope of the V-I plot between -90 and -50 mV in type I cells and measured at l-3 ms from the start of the pulse. V-I plots, measured over the range -80 to -50 mV, were not available for all type II cells. Consequently, for 60% of cells, the input resistance was measured at l-3 ms between -80 and -50 mV from the I-V relation in voltage-clamp, with the holding potential set close to Vz. The slope of each plot was fitted with a linear regression. Because the input resistance of type I cells was of a similar magnitude to the series resistance, which can change significantly during recording from a given cell (Rae et al. 1991) , we have not corrected for series resistance in the data presented here. For the largest current injections, used to calculate type I hair cell input resistance values, the associated voltage error resulting from uncompensated series resistance was estimated to be ~9.2 mV in perforated patch recordings and 55.1 mV in ruptured patch recordings. For type II hair cells, the voltage error was estimated to be ~2.4 mV. Signals were sampled at rates between 0.5 and 47 kHz depending on the protocol used and were filtered at 5 kHz. For the experiments shown in Fig. 4 , sine waves were injected by using a Krohn-Hite oscillator (4025AR). Values presented are mean t SD.
RESULTS
Membrane properties of type I cells and type II cells
The membrane properties of isolated type I cells are shown in Table 1 and, for comparison, the results from five Cells were identified by their neck to plate ratio (Correia et al. 1989) . The time constant is estimated from the RC product.
gerbil type II cells are included. The input resistances, and therefore time constants, are notably lower in type I cells compared with type II cells.
The input resistance for type I cells in current-clamp had a mean value of 25.9 ? 15.7 MO (~1 = 13 ) for perforated patch recordings and 16.7 t 11.4 Ma (n = 12) in ruptured patch recordings. These low resistances were not a result of cell deterioration, because the membrane resistance increased after hyperpolarization below -90 mV ( see below) and the mean value for Vz was -66.6 -fr 9.3 mV (n = 25), similar to values described previously for gerbil type I cells (Rennie and Correia 1994). Vz did not differ significantly between ruptured and perforated patch recordings (Student's t-test P > 0.05). Also, input resistance values were not significantly different between ruptured and perforated patch recordings (Kolmogorov-Smirnov test, P > 0.05) and showed a uniform distribution (one-sample KolmogorovSmirnov test).
Membrane po zero-current
Iten tial responses to current pulses around The time dependence of the voltage responses of gerbil type I cells to a series of current steps (-98 to +729 PA) about Vz are shown in Fig. 1, A and B. Only small changes in membrane potential in response to either depolarizing (Fig. 1A) or hyperpolarizing current steps (Fig. 1 B) were observed. After depolarization or hyperpolarization, the membrane potential rapidly reached its peak value, which was maintained for the pulse duration (Fig. 1, A and B) . Such voltage responses occurred in both perforated and ruptured patch recordings from type I cells. In addition, in three type I cells in response to depolarizing current steps the membrane potential rapidly reached its peak value, but then decayed slowly during the pulse for injections > 180 pA (data not shown).
Membrane potential responses with constant hyperpolarizing current
The voltage responses of type I cells could be altered reversibly by injecting constant hyperpolarizing current in such a way that the cell's membrane was no longer at Vz, but was hyperpolarized to values of -100 mV and below. In this case, when similar protocols (as shown in Fig. 1, A and B) were superimposed upon the constant hyperpolariza-tion, the membrane responses were typically as shown in Fig. in Fig. 1 C and D , is given for three cells. The mean peak 1, C and D. Depolarizing current steps elicited a transient membrane potential is indicated by the filled symbols; response, involving a rapid rise to an initial peak voltage, whereas, the mean steady-state potential is shown by the open which then decayed to a plateau level. The time-to-peak and symbols. The two plots are similar for potentials between the time constant of decay became shorter with depolariza--150 and -90 mV, at potentials above -90 mV, the peak tions of increasing magnitude (Fig. 1 C) . During hyperpolarresponse is seen to continue increasing linearly with current izations, the membrane potential followed a trajectory exinjection up to -0 mV, whereas the steady-state response petted for a cell showing only passive properties (Fig. 10) .
shows much smaller voltage changes to current steps at potenThe membrane time constant measured from -100 mV was tials above approximately -75 mV. estimated to be 1.62 t 0.39 ms ( YI = 5) and the membrane In Figs. IA and 2A, current steps were around Vz where resistance over the range -120 to -90 mV was 231 t 114 IK1 is active and a low resistance and low sensitivity to current M0 (~1 = 9) ; approximately an order of magnitude greater injections were present. In Figs. 1 C and 2B, however, curthan that at Vz. The mean time to peak for cells hyperpolarrent was injected to hyperpolarize the cell membrane to a ized to -100 mV or below was 3.5 t-1.3 ms for 300 pA potential where the resting current was deactivated. This (n = 6), 2.5 t 0.4 ms for steps of 570 pA (n = 7), and resulted in a region of higher resistance at hyperpolarized 1.82 t 0.4 ms for steps of 965 pA (n = 5).
potentials. IK1 begins to activate above approximately -90 mV and because it is time-dependent, the peak response V-I relations in Fig. 2B presumably represents the sum of the passive membrane response and the activation of conductance, reTo demonstrate the large range in input resistance values, sulting in a falling off of the response at Vz and above. the isochronal membrane potential responses to current injections around Vz for three different cells are shown in Fig. 2A . Figure 3A shows the response of a type I cell to mately -90 mV (Rennie and Correia 1994). Variations in current injection when 20 mM TEA was present in the elecinput resistance therefore appeared to result from differences trode solution to remove &. Depolarizing current pulses in the size of the current (i.e., the number of channels per elicit a rapid peak voltage before a decay at depolarizations cell) and not from the presence of different types of active to approximately -20 mV and above. Similar responses were conductance. In Fig. 2B (Fig. 3 B) . The input resistance at potentials below -90 mV (Fig. 3 B) . The input resistance values of another two type I cells bathed in external solution values of another two type I cells bathed in external solution containing a lower concentration of 4-AP (0.5 mM) were containing a lower concentration of 4-AP (0.5 mM) were 46 and 29 MO, suggesting that 4-AP had little or no effect 46 and 29 MO, suggesting that 4-AP had little or no effect on the input resistance at this concentration. on the input resistance at this concentration.
Cell response to sinusoidal stimuli in current-clamp
The short time constant (Table 1) suggests that the membrane potential of type I cells about Vz can respond rapidly to changing current. This was demonstrated by injecting sine-wave stimuli in current-clamp. Figure 4A shows the typical voltage response of a type I cell to sinusoidal current injection around Vz at different frequencies. The average voltage gain versus stimulation frequency is shown for four type I cells in Fig. 4B (filled symbols) . For the cells shown, the injected current was never sufficient to significantly deactivate IK1. There was very little attenuation of the signal by type I cells. Similar experiments were performed on cells loaded with 20-mM TEA (n = 3) and the results are shown in Fig. 4B (open symbols). When IK1 was active, the gain was reduced by only -20% at 1 kHz (re values normalized to 1 Hz); whereas, when 20-mM TEA was present to block IK1, the response was reduced by -75% at this frequency (Fig. 4B) .
DISCUSSION
In vivo, the mechanoelectric transducer current flows through the hair cell and regulates the receptor potential, (99.5-99.9 ms from the pulse start). Mean slope resistance between -150 mV and -58 mV calculated from the peak response was 226 MO. Resistance measured between -73 mV and -59 mV was 17.9 Mn. ( ---), Mean Vz (-74.3 + 5.8 mV, n = 3). which in turn is modulated by the cell's filtering properties. The filtered membrane potential is thought to control hair cell transmitter release, which contributes to the transfer characteristics of the afferents. Although it has been reported that isolated type I cells differ from type II cells in their input resistance values and response to square-pulse current injections about Vz (Correia and Lang 1990; Rennie and Ashmore 199 1) , neither the contribution of the K currents to voltage changes nor the band-pass capabilities of type I cells in current-clamp have been assessed previously. Our results show that at Vz in isolated type I cells, there is little change in membrane potential in response to hyperpolarizing or depolarizing current pulses; whereas, at more hyperpolarized levels of the cell membrane, larger changes can be evoked. The results further indicate that around Vz, the membrane voltage is an almost exact replica of the injected current waveform. This implies that little or no filtering of the current takes place by the basolateral membrane of type I cells and that a wide range of frequencies can pass unfiltered. This was tested directly by injecting sine waves of different frequencies (Fig. 4) . The low gain and wide bandwidth appear to result, at least in part, from a K current, &, identified in gerbil and pigeon type I cells. This current is at least 50% activated at Vz and deactivates at potentials hyperpolarized below approximately -90 mV (Rennie and Correia 1994). When IK1 is pharmacologically blocked, the resulting membrane potential changes reflect the presence of a smaller, rapidly activating current presumed to be IKICa). As described previously, Vz depolarizes by -40 mV in the absence of IK1 (Rennie and Correia 1994), the more positive Vz arising from a smaller contribution of potassium current to the net membrane current. those of type I cells (Table 1) . In semicircular canal type II cells from pigeon (Correia et al. 1989 ) and frog (Housley et al. 1989; Masetto et al. 1994) ) the membrane resistance was reported to be greater than 1 Go and the time constant between lo-20 ms. Hence, for a given current injection, the membrane potential change in type I cells would be much less than that in type II cells and type I cells could pass a wider band of frequencies. For example, the -3 dB frequency for gerbil type II cells, estimated from the cell time constant in Table 1 , would be 40 Hz. The major conductances found in semicircular canal type II cells are reported to be 1* and &, with characteristics distinct from IK1 (reviewed in Correia 1992) . Unlike the type I cell responses described here, many dissociated crista type II cells show a highly damped membrane resonance (Correia et al. 1989; Eatock and Hutzler 1992; Griguer et al. 1993~; Rennie and Ashmore 199 1) . The function of this resonance in vestibular processing is not clear and has been discussed previously (Correia et al. 1989; Griguer et al. 1993~ ).
Other type II hair cells have been reported to show spiking behavior in response to depolarizing current injection. In goldfish saccular type II cells, spiking was attributed to a transient sodium current and a calcium current (Sugihara and Furukawa 1989) ; whereas, a delayed rectifier, calciumactivated potassium current and an A current contributed to the spiking response in toadfish hair cells (Steinacker and Perez 1992) . Although the type I cell response reported here resembled a spike for depolarizations from hyperpolarized potentials, it was not regenerative, but rather could be attributed to the relatively slow activation of IK1, a current which has not been described in type II cells. The initial depolarization to a peak appeared to result from the membrane resistance of the type I cell up to -0 mV, because the peak V-I relation was linear over the range -150 to 0 mV (Fig. 2B) . The difference in membrane steady-state values between control and 4-AP above -80 mV (Fig. 3B) , suggests that the decay after the peak is a result of the activation of &, the 4-AP-sensitive component of the outward current.
Type I cells isolated from young rat vestibular organs were reported to show oscillatory current-clamp responses similar to those of type II cells, this result differs from our observations, but can be explained by the fact that the rat cells lacked &I or "M-like" current (Eatock and Hutzler 1992) .
Recently, Baird ( A : a type I cell's voltage response (tup) to sinusoidal current injection (bottom) is shown at 4 frequencies ( 1, 10, and 100 Hz and 1 kHz) . B : gain (peak to peak voltage, normalized to value at 1 Hz) is plotted vs. the frequency of injected current for 4 type I cells ( l , mean + SD). Data from cells with 20-mM TEA present intracellularly are also shown (A, n = 3; V, n = 2, mean t SD). ( ---), a lst-order fit to the TEA data according to the gain function g (f ) = 1 / [ 1 + (flfc) 2] 0.5, where f is the frequency and fc is the -3 dB frequency (309 Hz). Where necessary, current and voltage records were filtered in the frequency domain by using TableCurve 2D (Jandel Scientific), to remove 60 Hz interference. Membrane resistance in the presence of TEA was on average 402 + 224 M0 (n = 7) ; therefore, greater voltage changes were observed to current injections than in control conditions. However, the data here are shown normalized for comparison of the frequency response. Voltage displacement from rest for the cells shown ranged from 7.8 to 12.6 mV at 1 Hz.
was suggested that Type C cells could detect phasic stimuli over a wide range of amplitude and frequency (Baird 1994 The reason for the large range in input resistances found is not clear, but could be the result of a number of factors. IK1 could still be modulated to some extent in vitro by some intracellular factor. We have previously shown that the voltage-dependence of activation for &I can vary (Rennie and Correia 1994) . Modulation of the activation range of a potassium conductance by calcium has previously been documented in mouse submandibular acinar cells (Gallacher and Morris 1986) . It has also been suggested that the potassium current IK,n in outer hair cells, which resembles IK1, may be modulated by altering levels of intracellular calcium (Housley and Ashmore 1992). It is possible that changing levels of intracellular calcium could similarly affect IK1 in type I cells. However, the fact that there were no significant differences in input resistance or Vz values between perforated and ruptured patch recordings argues against this. If type I cells indeed have a range of input resistances in situ, then corresponding differences in gains and frequency responses are predicted. When pharmacological agents were used to block JKI, the input resistance of type I cells increased by -10 fold and the frequency response was still flat at frequencies up to -300 Hz. It is probable that IKI was not 100% blocked under these conditions and possible that complete removal would result in a membrane resistance similar to that of type II cells and therefore a narrower bandwidth. In addition, whether or not 4-AP and internal TEA have any effect on IK(cll) in type I hair cells is not known. However, I K(CL[) is much smaller than zK1 and only activated at potentials far depolarized from Vz (Rennie and Correia 1994)) suggesting that physiologically, it contributes little to the voltage response.
It, therefore, appears that in isolated type I hair cells, IK1 acts to lower the gain of the cell, extends the corner frequency and results in a linear response over a range of current injections. Although it is unclear how frequency information is conveyed from the type I cell to its afferent, pigeon horizontal canal afferent fibers are capable of stimulus entrainment to frequencies 5400 Hz (Dickman and Correia 1989) and short duration angular acceleration impulses were reported to elicit short latency (-2 ms) vestibular evoked responses in mammals (Elidan et al. 1987 (Elidan et al. , 1991 . Calyx units, which innervate type I cells, were reported to have low gains in response to rotational stimuli in the chinchilla semicircular canal and it was hypothesized that this could result in an extended dynamic range (Baird et al. 1988) . If IK1 is the dominant conductance in situ, then type I cells are predicted to be able to respond rapidly to sudden changes in head position and to have a wider bandwidth and reduced sensitivity to the same magnitude of mechanoelectric transducer current when compared with type II cells and a rationale for their emergence in amniotes may exist.
